Abstract
Introduction

44
The need to cut greenhouse gas emission to avoid excessive climate change is now generally accepted 45 [1] [2] [3] [4] . The UK government's Committee on Climate Change [3] recommends that there should be an 46 80% reduction in green-house gas (GHG) emission by 2050. Concerned individuals may choose to 47 reduce on their own emissions. This paper considers the options for a householder to reduce the 48 emissions associated with their domestic energy consumption to this target level. To be viable an 49 option must provide acceptable space heating, hot water services and domestic electricity, and not be 50 prohibitively expensive or have unacceptable environmental consequences. In order to access each 51 of these separate criteria it was decided to carry out energy modelling to establish workable options, 52 environmental life cycle assessment to identify the environmental consequences of the option and 53 financial analysis to investigate the economic cost to the homeowner. This multi criteria approach has 54 been used in other similar studies [5] [6] [7] [8] 76 ,77] 55
There is extensive literature on the application of micro generation to domestic properties including 56 several integrated appraisal papers [5] [6] [7] [8] [17] [18] [19] . Most of the previous studies have concentrated on 57 the carbon savings which are likely to result from the use of a particular micro generation technology. 58
This paper expands upon the literature by considering the potential use of combinations of micro 59 generation technologies used in conjunction with mains gas and electricity to meet a net emission 60 target. 61
This study concentrates on those technologies that can be widely applied in a urban area i.e. air source 62 heat pumps (ASHP), natural gas fired micro combined heat and power units (mCHP), solar water 63 heaters (SWH) and photo voltaic cells (PV). These technologies tend to have high capital cost 64 consequently it is common practice to undersize the heating system with respect to the peak load and 65 use a low cost gas boiler to boost the heat output in cold weather [9] . The use of biomass for heating 66 was excluded from this study as there is limited scope to increase its use in the UK [10] . Domestic 67 wind turbines were not considered as their performance has been shown to be poor in urban areas 68 [11] . 69
The aim of the study is to consider options for emission reduction, not energy self-sufficiency. The 70 UK has a feed in tariff (FIT) scheme which allows small scale renewable electricity generators to feed 71 power into the local electricity distribution network and pays them an enhanced rate for the electricity 72 [12] . This means that it is not necessary to consider battery storage with its inherent cycle losses, 73 additional capital cost and environmental concerns [13] . The ability to export power to the supply 74 grid gives the householder the option of generating more low carbon electricity than they consume in 75 a year. This will contribute to lowering of the carbon intensity of the grid. This reduction in grid 76 carbon emissions can offset the domestic carbon emissions associated with the energy used in the 77 house. 78
Life Cycle Assessment (LCA) was conducted to assess relative environmental impacts of the 79 competing technologies. LCA considers a range of potential environmental impacts over the life of 80 the product or system, not just operational CO 2 emissions. 81 2 Background to micro generation technologies being considered 82 83 There are many reviews of micro generation in the literature and it is not intended to review them in 84 this paper. This short overview is intended to summarise the operational feature of the technologies 85 that are relevant to this analysis. 86
Air source heat pumps
87
ASHP are thermal engines that take heat from a low temperature source (the outside air) and deliver it 88 to a high temperature sink. They require energy to do this. The ratio of the energy they use to the 89 energy they deliver is called the coefficient of performance (COP). For them to achieve a reduction in 90 emissions the emissions associated with the electricity they use must be less than those associated 91 with the heating system they replace. 92
The COP is a function of the temperature difference between the heat source and sink. This can be 93 minimised by operating the ASHP all of the time and controlling its output by modulating the output 94 temperature such that the heat delivered from the heat emitters just supplies the net thermal losses 95 from the building [22] . Under this proportional control strategy the heat pump output temperatures 96 continually changes so it cannot provide Domestic Hot Water (DHW) at the same time as space 97 heating. DHW can be provided by diverting the ASHP's output to heat a hot water tank to the 98 required temperature. 99
Combined heat and power
100
The use of reject heat from electricity generation for heating is a proven way of improving energy 101 utilisation and hence lowering emissions. The fuel utilisation of a gas condensing boiler is relatively 102 high (>80%) [23] so a CHP scheme is unlikely to reduce the emissions associated with heating. 103
Consequently any improvements in fuel utilisation in a CHP plant will come from the electrical 104 output. It follows that to give significant savings in emission a gas fired CHP system should have 105 high energy utilisation and low heat to power ratio. 106
There are three technologies that can be used for domestic scale micro CHP systems. 107
Internal Combustion engines 108
The use of gas fired internal combustion engines (ICE) is an established way to generate electricity. A modelling approach was used that integrated data taken from the outputs of a number of existing 204 models. The structure of the interlinked models is shown in Appendix 1 .The models were 205 implemented using VBA. 206 207
The gross calorific value of fuel and alternating current electrical flows (net of inverter losses) were 208 used throughout. 209 210
3.3.2
Modelling energy flows 211
The heat transfers which were simulated are illustrated in Figure 1 . This is a development of work 212 presented by Cooper [30] such that it includes solar hot water systems and secondary heaters. The 213 simplified structure of the building model is justified on the basis that it is the comparison between 214 results which is of interest here rather than absolute energy demands (which are, in any case, highly 215 sensitive to uncontrolled factors such as occupant behaviour). 216 217 218 The heat transfer from the heat emitter system was assumed to be buoyancy-driven convection [36] , 222 scaled such that a flow temperature of 50°C was required to balance heat losses when the outside 223 temperature was 0°C. The main thermal parameters are given in Table 3.  224 Parameters for the building model were calibrated against temperature and heating profiles generated 225 by a simulation of a typical semi-detached house, modelled using ESP-r by Dr. N. Kelly and Dr. J. 226
Hong [34] . Simplified models of buildings have been shown to be capable of producing heat demand 227 profiles with acceptable fidelity [35] and in this case a root-mean-squared temperature difference of 228 less than 0.5°C was achieved between the two air temperature profiles. 229 230 In configurations with buffer tanks, heat transfers into the tank were modelled as having a 5°C 261 temperature difference between the flow and return temperature. When more than one heating unit 262 was used with a buffer tank, these heat transfers were arranged in parallel (i.e. independent of 263 each other). When more than one heating unit was used in configurations without buffer tanks (i.e. 264 direct heat transfers to emitter system), the heat inputs were arranged in series with the flow rate 265 adjusted to maintain a 5°C difference across the primary heater's heat exchanger and the temperature 266 difference across the secondary system determined by the corresponding heat transfer rates. In these 267 configurations, the arrangement was such that the ASHPs supplied heat at the lower temperature 268 position in order to maximise overall performance. 269 270
Heat input to the solar hot water system was taken to be a function of its internal fluid temperature 271 and the radiation intensity. Irradiation intensity was modelled as a function of the geometry and 272 location of the collector and of the weather. Control system 285 286
The space heating was controlled to aim for a temperature of 20°C between 287 07:00 and 22:00 and 16°C at other times. 288 289
In configurations without buffer tanks, the space heating control system used a proportional control 290 strategy. That is, the system requested a heat flow proportional to the difference in temperature 291 between the program and the inside air temperature. The gain was set such that the losses consistent 292
with an outside air temperature of -1°C would cause a 1°C offset from the profile temperature. 293 294
In configurations with a buffer tank, a single on-off control (equivalent to a thermostat with a 295 deadband of +/-1°C) was used to manage heat flows to the heat emitter system. The control system 296 aimed to maintain the buffer tank at a temperature which varied with the outside air temperature. That 297 is, the target temperature for the buffer tank decreased linearly from 55°C to 25°C as the outside air 298 temperature increased from -2°C to 15°C. This is equivalent to the "weather compensated" control 299 arrangement used with some ASHP systems. The heat generation requested by the control system was 300 calculated using a proportional control strategy based upon the difference between the buffer tank 301 temperature and its target temperature. 302 303
The heating units have finite capacities and varied ability to modulate their output. The heat actually 304 generated by the primary heating unit in response to the signal from the control system did not 305 necessarily matchthe demand. When a secondary heating unit was available, a signal 306 requesting the net unmet demand was sent to the secondary unit. A deadband of 500W was used 307 when the secondary system was an ASHP. Because the gas boiler secondary units were modelled with 308 very high capacity and low thermal inertia, the deadband used with them was increased to avoid 309 unstable behaviour. In real installations this duty may be performed by a secondary thermostat or 310 manual intervention by the occupier. 311 312
The ramp rate of the SOFC units was limited to the equivalent of a 10 hour start to full capacity time. whenever the temperature of the DHW tank was below its maximum and the flow temperature from 321 the heating system was sufficiently high to supply heat. If the temperature of the DHW tank dropped 322 below its minimum, the heating system was operated at maximum capacity, without transfers to the 323 space heating system, until the DHW tank temperature was restored (deadband of 10°C). 324 325
Environmental analysis -life cycle assessment
326
The Life Cycle Assessment (LCA) environmental management tool was developed in order to 327 identify and evaluate the environmental impacts of a product or system that result from each stage of 328 its complete life cycle. . The system configurations analysed here, were modelled using the software 329 package SimaPro v7. and existing LCA models [41] . The impacts resulting from decommissioning and recycling are 356 omitted from the system boundaries of the study due to inconsistent availability of appropriate 357 empirical data for some of the technologies analysed. 358
The configurations considered would benefit from the reduction in environmental impact associated 359 with the displaced grid electricity. It was decided to consider a relatively environmental benign grid 360 mix in order to produce a conservative estimate of these benefits. Consequently the electricity 361 generation was accounted for by using the Transition Pathways 2020 dataset for the Thousand 362
Flowers (TF) scenario [14] , this has an estimated grid carbon intensity of 390 g/kWh. This dataset 363 was modelled as part of a full LCA evaluation of the three pathways for a low carbon UK energy 364 future developed by the Transition Pathways Consortium [66] . This analysis examined and accounted 365 for all upstream and operational activities right through to the point of delivery to the consumer. The 366 2020 Thousand Flowers future is based on an electricity system transitioning to a civic led energy 367 sector where more electricity is generated by means of distributed generation; making up 28% of total 368 generation in 2020 and rising to over 55% in 2050. Traditional large scale generation is replaces with 369 both Natural Gas CHP and renewable fuel CHP (predominately Biogas). A high growth in both 370 onshore and offshore wind is witnessed, while nuclear capacity is greatly reduced. The dependency of 371 the UK on imports is seen to grow while overall demand reduces due to energy efficiency measures, 372 and more responsive and engaged consumers. The Thousand flowers scenario produced the highest 373 overall reduction in GHG emissions of all three pathways, both in terms of the overall system, and per 374 kWh of electricity produced [14] . 375
Financial appraisal 376
Assessment Criteria 377
A financial appraisal considers the economic viability of a project from the owner's perspective. It 378 excludes consequential external costs and benefits with the exception of government subsidies. The 379 broader external consequences are discussed in the life cycle assessment analysis. Some of the 380 options considered qualify for payments under the renewable heat incentive (RHI) [45] which is 381 payable over 7 years and some qualify for FIT payments which are payable over 20 years[46] 382
Consequently it was decided to use the net present value (NPV) to compare the different cases where: 383
Where Y is the year 385
The UK FIT scheme is designed to give the owner a real rate of return of 3% (i.e. rate of return after 386 inflation) [47] . The RHI assumes that the owner will have to pay 7.5% interest on the capital used for 387 the installation, if inflation is kept at the Bank of England Target of 2% this equates to a real rate of 388 interest of 5.5%. Both of these real rates of returns (3% and 5.5%) have been used as discount rates to 389 illustrate the sensitivity of the analysis to changes in discount rates. 390
As the installations provide a service rather than a product the NPVs are likely to be negative so they 391 are more accurately considered as Net Present Cost (NPC). The FIT and RHI schemes are political 392 instruments that bias the true economic viability of the options. A subsidy free NPC has also been 393 calculated to see the impact of subsides. In the subsidy free case it has been assumed that the 394 "market" value of the electricity generated can still be realised. 395
Capital Cost 396
Capital costs for all technologies other than PV were taken from sources listed in Where Q is the installed system rating in Watts. 409
Equation 2 was used to calculate the cost of the PV systems that would be needed to provide the 410 required CO 2 offsetting for each case at different grid carbon intensities. The installed capital cost of 411 the heating systems and associated PV systems are shown in Table 5 . 412 An annual allowance of £100 was made for routine maintenance of the boiler and ASHP systems, the 418 micro CHP maintenance cost were estimated using the formula: 419
Where generation is the annual gross electricity generation in kWh. Equation 3 is based on 421 estimations in [52, 54] . 422
Income 423
Income comes from FIT subsidy payments, savings in electricity purchased from the public supply, 424 export payments for sales to the public supply and payments for heat production under the RHI 425 scheme. 426
The FIT payments for PV systems vary with the size of installation and were set at the following rates situations without export metering. The rest is assumed to be used on site and so has an assumed 435 value equal to the retail price. This effectively gives a market value to the generation of 0.088 £/kWh. 436
The RHI payments subsidise renewable heat generation; they are made for 7 years at the following 437 rate [45] : In the cases with mCHP (9 to 20) the house has been credited with the primary fuel equivalent of the 448 grid electricity that the onsite generation has displaced. 449
The SE-mCHP and large ICE-mCHP based systems achieve annual electrical efficiencies of around 450 7% and 24%, respectively, consistent with other studies [16, 17, 23] . The use of gas in the secondary 451 heater means that the electrical efficiency of the configurations based upon the SOFC-mCHP and the 452 small ICE-mCHP are lower than the published efficiencies for the mCHP units(from 51% to around 453 39% for the SOFC and from 20% to around 13% for the small ICE). 454 The heat delivered by the solar thermal system decreases slightly when combined with the SOFC-461 mCHP unit due to the higher tank temperatures that result from continuous operation of the SOFC. 462
There is no inherent linkage between hot water demand and the availability of solar hot water 463 consequently some of the collected solar energy is in excess of the daily demand. This raises the 464 thermal store temperature and increases the thermal losses consequently the heat required from the 465 main heating system is only reduced by 80% of the heat collected by the solar systems. In the case of 466 an ASHP system, the reduction in heat demand associated with the use of a solar thermal system is 467 similar to the performance penalty associated with the use of a thermal store. 468
The impact of changes in grid CEF on the required size of PV installation is shown in Figure 4 . 469 . 470
Figure 4 PV installation size of different grid carbon emission factors 471
The maximum system size required was 27kW but it is unlikely that a system this size could be 472 installed on a domestic site. The maximum size of PV systems that can be installed on a property will 473 vary between properties. It has been assumed that properties will have no more than 100m 2 of surface 474 area where PV panels could be mounted (this could be split between roof space and outbuilding or 475 space frames above car parking area) this would give a maximum installation capacity around 15 kW 476 consequently the scale of figure 4 has been truncated at 15kW to remove unrealisable installation. It 477 is worth noting that a typical domestic PV system in the UK is rated around 4kW and an 8kW limit 478 may be more realistic in most cases. 479
In the case of the grid with a CEF of 600 gCO 2e /KWh the SOFC units generate sufficient reduced 480 carbon electricity to offset the emission from the gas and grid electricity consumed by the household 481 without the need for any PV generation. Likewise the emission from using grid electricity and the 482 high performance heat pump with the 200 gCO 2e /KWh grid are under the target value so no PV 483 generation is required. 484 
Environmental Analysis
Green house gas emission 486
The LCA produced estimates of the GHG emissions during the operational life time including those 487 associated with fuel extraction and supply. There is another source of emission associated with the 488 equipment that is those emissions which were the result of the energy used during their construction 489 (including material production) this is known as embodied emission (embodied climate change). 490 Figure 5 shows the annual operational GHG emissions for the configurations, annualised GHG 491 emissions (total embodied GHG divided by operational life) for both the heating systems and PV 492 systems and GHG emissions associated with coolant leakage from the ASHP. 
Fossil fuel depletion 498
The total of the embodied and operational annualised fossil fuel depletion and GHG emission are 499 shown in Figure 6 . The values have been normalised by those associated with the base case of a 500 condensing boiler. The fossil fuel depletion varies over a wider range than the GHG emissions. This 501 is because the systems have been designed such that the operational emissions from burning gas are 502 offset by emissions savings made by displacing grid electricity with low carbon electricity. To offset 503 the GHG emissions associated with 1kWh of gas requires the generation of 0.52 kWh of renewable 504 electricity which will only offset 0.87 kWh of fossil fuel use so although the GHG emissions are fully 505 offset the fossil fuel use is not. 506
The situation in the heat pump cases is different as the high electricity consumption is offset by 507 renewable electricity as such the GHG emissions and fossil fuel use will be offset by the same 508
proportion. However they also have GHG emissions associated with refrigerant leakage. 509 510 Figure 6 fossil fuel depletion and green house gas emissions 512
The base case in Figure 6 actually represents a 35% GHG saving on 1990 levels (mainly resulting 513 from lowering in grid carbon intensity) consequently all the options produce significant GHG 514 emission savings and a reduction in fossil fuel depletion. The particulate emissions fall as the net electricity consumption increases, this is because the 532 particulate emission rate per unit of GHG is higher for gas (2.75 g/kg CO2e ) than for the offseting 533 electricity (1.5 g/kg CO2e ). Consequently the particulate emissions associated with the gas only being 534 partially offset by the export of electricity. However all the configuration have lower particulate 535 emissions than the base case. All the other parameters shown in Figure 8 have much higher values for 536 electricity than gas and so their values increase with net electricity use. 537
Financial Analysis
538
Although the NPC gives an assessment of the life time costs its absolute value is not particularly 539 meaningful to the reader. To allow the cases to be easily compared, their NPCs have been normalised 540 with the NPC of a gas condensing boiler and grid electricity so any value less than 100% represents 541 an economically favourable option for the owner. The owner will be entitled to subsidies so these 542 have been included in the calculation. However this is an artificial situation that will vary between 543 countries. Consequently the NPCs excluding subsidies have been included to get an indication of the 544 true costs. Figure 5 shows that different sized PV systems are required to achieve the target emission 545 for differing grid CEF consequently the NPC for each case also changes with grid CEF. The values 546 for the different CEFs are shown in Figures 9-11 547 The estimated NPC may be one of the deciding factors for selecting a project to invest in but it 563 assumes that sufficient funds are available to make the investment. Another criteria that is significant 564 for a home owner is the initial capital cost this is shown as multiples of the cost of a condensing boiler 565 in Figure 12 . 566 Figure 12 capital costs as % of cost of gas condensing boiler 568 Figure 12 shows that all the options are considerable more expensive than a simple condensing boiler. 569 Figure 12 only show the capital cost expended by the owner. The installation of micro generation 570 technology will have an impact on the capacity requirement of the electricity supply system. 571
Although these changes in system costs will be reflected in the electricity price their impact has not 572 been considered in this analysis as it will depend on the total amount and type of micro generators 573 installed. 574
The other reason for high capital cost is the inclusion of relatively large PV systems. The fraction of 575 the capital cost represented by the PV system is shown in Figure 13 . 576 577 to the CEF for gas combustion. If this happens the electricity generated by the mCHP systems will 583 have a higher CEF than the grid consequently their electricity generation will not help offset the 584 emissions from the gas they consume so a very large PV system will be required to offset their 585 emissions. In this situation only the ASHP options are implementable. 586
The ASHP configurations have the lowest NRPERs, followed by those based upon the SOFC unit. 587
For these configurations, the inclusion of buffer tanks and the associated control systems, increases 588 the NRPER. The NRPERs for the configurations based upon the other mCHP units are similar to 589 those required by the condensing boiler configurations, with minor savings achieved by the larger 590 ICE-mCHP units. 591
Financially viable options
592
From Figures 9 to 11 it can be seen that the NPC including subsidies for the configurations using 593 ASHP and SOFC mCHP systems are less than the cost of using a condensing boiler and grid 594 electricity. However the SOFC options cannot be realised with a low carbon electricity grid. It is 595 noticeable that the systems become more financially viable for the owner as the grid CEF reduces. 596 This is a consequence of the FIT payment being set at a level where PV generation is profitable and 597 the PV elements increasing in size as the grid CEF fall. 598
This profitability is dependent on subsidies. Configuration 8 is the least cost option if subsidies are 599 not considered but it is a hypothetical system where as the equipment used in cases 4&5 is already on 600 the market. Case 4 includes a back-up boiler where case 5 relies solely on the ASHP. The need for 601 the back-up boiler will change with the level of insulation, climate and orientation of the property. 602 NPV is only one tool for assessing the viability of projects and it assumes that the investor is able to 603 finance all the options being considered. It is clear from Figure 12 that all of the options are much 604 more expensive than a condensing boiler. The capital investment required for mCHP options are 605 considerably higher than that for the heat pump options. 606
Environmental performance 607
Green house gas emissions 608
The operational Green House Gas emissions (GHG) for all the systems are below the 1,558 kg CO 2e 609 target. If the annualised embodied GHG is also considered the emissions are considerably higher for 610 all cases. 611
The emissions associated with production of the systems varies considerable between the cases. 612
However the following points need to be considered when interpreting these results; 613
The GHG emissions associated with leakage from the heat pumps is an allowance which is based on a 614 particular refrigerant and leakage rate. It follows that this is an indication of the order of impact that 615 leakage may have, not a measure of the actual impact. 616
The embodied emissions from the manufacture of the PV systems makes up a significant part of the 617 total embodied emissions. This is dependent on the technology used to make the PV panels which is 618 still under development. The embodied emissions will all have been emitted at the time of manufacture and will be included as 625 industrial sector emissions (much of which will occur in the country of origin of the equipment) so if 626 they are added to the operational emissions there is a danger of double counting them in any global 627 GHG inventory. 628
The grid mix used as a basis for this analysis was the Thousand flowers 2020 generation mix which 629 embodied GHG emissions are specific to that particular combination of electricity generators for this 630 scenario. The TF 2020 system is significant different from the current UK electricity system and its 631 underlining assumptions should also be taken into consideration when interpreting the GHG 632 emissions of the consider cases. 633
Other LCA criteria 634
The outputs of the LCA need to be treated with some caution as they trade off the emissions which 635 would have been made if the electricity was produced by the grid against the emissions associated 636 with onsite generation. This is valid for operational emissions but it is only valid for embodied 637 emissions if the displaced power plant is not built. A large number of consumers owning mCHP units 638 may reduce the electrical peak demand which reduce the need to build more power stations, but PV 639 generation in the UK does not occur at times of peak generation so will not reduce the need for new 640 power stations. This may mean that some of the benefits shown in Figures 9 and 10 will not be 641 realised. However it is clear from Figure 9 and 10 that the options considered are unlikely to have a 642 disproportional detrimental impact on the environment. 643
Impact of solar water heating
644
From Figures 2 and 4 it can be seen that the energy collected by the solar water heaters is less than 645 10% of the total primary energy consumption of the house. This is consistent with the performance of 646 this size collector in earlier studies [65] . The reduction in the NRPER which is achieved by the use of 647 the SHW heaters is often outweighed by the performance penalty associated with the requirement that 648 the primary heat system feeds into thermal store. Consequently the inclusion of solar water heating 649 only produces a relatively small reduction in the size of the PV systems required to bring the 650 emissions down to the desired level. It is noticeable that the SHW options all have a higher NPC than 651 the equivalent non SHW options. It is possible that with seasonal control algorithms and larger SHW 652 systems the proportion of primary energy supplied by the SHW could rise to 20% [20] but this is 653 unlikely to produce a significant change to the viability of any of the options. 654
Conclusions
655
It is both practical and economically feasible for a homeowner to reduce their net operational GHG 656 emissions by 80% of the 1990 values by using combinations of micro generation equipment to supply 657 their heat and electricity demands. However when LCA analysis is considered it was found that the 658 true GHG emissions would be nearer to 25% once embodied GHG emissions are considered. 659
On further investigation it was found that the majority of the embodied GHG was in the PV panels 660 and that it may be possible to select panels with lower embedded GHG emissions if this data were 661 generally available. If/when thin film systems become competitive they will provide an option to 662 lower the embodied GHG emissions. 663
The number of options available depends on the grid CEF. As the grid becomes less carbon intensive 664 the amount of grid electricity that needs to be displaced by PV generation to balance onsite use of 665 natural gas becomes excessive. 666
It would appear that the solution that are future proved against falling grid CEF are the heat pump 667 configurations 4 and 5 these also seem to be the best credible finical option. It is likely that the 668 ongoing developments of heat pumps will further improve their viability as demonstrated by case 8. Loughbourgh University) in developing and calibrating the models is gratefully acknowledged. 679
However, the views expressed here are those of the authors alone, and do not necessarily reflect the 680 views of thecollaborators or the policies of the funding body. 681
